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When a single crystal semiconductor layer is bonded to a base 
substrate, a silicon oxide film is preferably used for one or 
both of the base Substrate and a single crystal semiconductor 
Substrate. According to this structure, an SOI layer having a 
strong bonding strength in a bonding portion can be obtained 
even when a Substrate having an upper temperature limit of 
700° C. or lower such as a glass substrate is used. In addition, 
a single crystal semiconductor Substrate from which the 
single crystal semiconductor layer has been separated is 
reprocessed in Such a manner that the single crystal semicon 
ductor substrate is irradiated with laser light from the sepa 
ration Surface side of the single crystal semiconductor Sub 
strate, to melt the Surface of the single crystal semiconductor 
Substrate during the melting time per area of 0.5 microsec 
onds to 1 millisecond. Then, the reprocessed single crystal 
semiconductor Substrate is reused. 
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1. 

METHOD FOR MANUFACTURING 
SEMCONDUCTOR SUBSTRATE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a method for manufactur 

ing a semiconductor Substrate having a semiconductor layer 
on its insulating Surface. 

2. Description of the Related Art 
In recent years, a technique for forming a thin film transis 

tor (TFT) using a semiconductor thin film (the thickness of 
several nm to several hundreds of nm) formed over a substrate 
having an insulating Surface Such as glass has been attracted. 
Thin film transistors are applied to a wide range of electronic 
devices like integrated circuits and electro-optical devices, 
and prompt development of thin film transistors that are to be 
used as Switching elements in image display devices, in par 
ticular, is being pushed. 

Instead of silicon wafers that are manufactured by thinly 
slicing an ingot of a single crystal semiconductor, semicon 
ductor substrates called silicon-on-insulator (SOI) substrates 
have been developed, which have a thin single crystal semi 
conductor layer over an insulating layer, and are more widely 
used as Substrates in manufacturing microprocessors or the 
like. This is because an integrated circuit using an SOI sub 
strate draws attention as an integrated circuit in which para 
sitic capacitance between drains of transistors and a substrate 
can be reduced, performance of the semiconductor integrated 
circuit can be improved, and low power consumption is 
achieved. 
As a method for manufacturing SOI substrates, a hydrogen 

ion implantation separation method is known (for example, 
Reference 1: Japanese Published Patent Application No. 
2000-294.754). For example, ions of hydrogen or the like are 
implanted to a silicon wafer provided with a silicon oxide film 
on its Surface to form a microbubble layer serving as a cleav 
age plane at a predetermined depth from the Surface, and a 
thin film single crystal silicon layer (SOI layer) is bonded to 
another silicon wafer. Then, the SOI layer is separated from 
the cleavage plane by heat treatment to forman SOI substrate. 
The hydrogen ion implantation separation method is also 
called a Smart Cut (registered trademark) method. 

In Reference 1, after the separation, the SOI layer separated 
from the silicon wafer is irradiated with laser light to pla 
narize the SOI layer. 

Meanwhile, a method for forming an SOI layer over an 
insulating Substrate Such as glass has been attempted. As an 
example of SOI substrates in which an SOI layer is formed on 
a glass Substrate, an SOI substrate in which a thin single 
crystal silicon layer is formed over a glass Substrate having a 
coating film by a hydrogen ion implantation separation 
method is known (for example, Reference 2: Japanese Pub 
lished Patent Application No. 2004-134675). In this case also, 
a thin single crystal silicon layer (SOI layer) is formed on the 
glass Substrate in Such a way that a microbubble layer is 
formed at a predetermined depth from the surface by implan 
tation of hydrogen ions to a silicon wafer, the glass Substrate 
and the silicon wafer are bonded to each other, and the silicon 
wafer is separated using the microbubble layer as a cleavage 
plane. 

SUMMARY OF THE INVENTION 

Display devices typified by liquid crystal displays have 
larger and larger screen areas in recent years and glass Sub 
strates used for Such display devices are also being enlarged. 
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2 
Aglass Substrate is rectangular in shape and had a size of 300 
mmx400 mm of the first generation in the beginning of 1990, 
which has grown to 680 mmx880 mm or 730 mmx920 mm of 
the fourth generation in 2000. 
On the other hand, the wafer size of a semiconductor sub 

strate is limited because a semiconductor Substrate is manu 
factured by forming a columnar ingot of 20 to 30 cm in 
diameter by a Czochralski method (a CZ method), and slicing 
the ingot with a diamond blade or the like to a thickness of 
approximately 0.5 to 1.5 mm to make one circle wafer. 

Accordingly, in a case where an active matrix display 
device is formed using a glass Substrate having an area larger 
than a single crystal semiconductor Substrate Such as a silicon 
wafer, by a hydrogen ion implantation separation method, a 
plurality of thin films of single crystal silicon layers separated 
from a silicon wafer need to be attached to one glass Substrate. 
Therefore, if it is possible that hydrogen ion implantation 
separation is conducted to one silicon wafer plural times to be 
repeated and thus a plurality of thin films of single crystal 
silicon layers obtained from one silicon wafer can be formed 
over the glass substrate, an SOI substrate can beformed more 
efficiently. 

However, planarity of a Surface of a single crystal semi 
conductor substrate from which thin films of single crystal 
silicon layers are separated by a hydrogen ion implantation 
separation method is damaged severely. The single crystal 
semiconductor Substrate losing planarity has difficulty in 
being attached to a glass Substrate. Thus, it is necessary to 
recover the planarity of the Surface of the single crystal semi 
conductor substrate in order to obtain thin films of single 
crystal silicon layers from one single crystal semiconductor 
substrate by plural times of hydrogen ion implantation sepa 
ration methods. 
As a method for improving the planarity of a Surface of a 

single crystal semiconductor substrate, a CMP (chemical 
mechanical polishing) process is given. However, the CMP 
process has a problem in that a Substrate material is consumed 
away so much since the CMP process is a method for 
mechanically polishing a Substrate Surface. 

In addition, there is a method for conducting laser irradia 
tion for locally heating and melting a single crystal semicon 
ductor Substrate, as another method for recovering planarity 
of a single crystal semiconductor Substrate. For example, in a 
case where a silicon wafer is used as a single crystal semi 
conductor Substrate and an excimer laser which is an ultra 
violet ray having a high absorption coefficient with respect to 
silicon is used, silicon is irradiated with excimer laser light 
which is high output pulsed laser light, whereby a large 
amount of heat is Supplied to a surface of silicon in an 
extremely short time. A melting time by a pulsed laser beam 
can be close to a pulse width of the pulsed laser beam. In a 
conventional pulsed excimer laser, the pulse width is several 
tens of nanoseconds to a hundred and several tens of nano 
seconds, and thus it can be said that a melting time of a silicon 
wafer is substantially several tens of nanoseconds to a hun 
dred and several tens of nanoseconds. By use of a pulsed laser 
Such as an excimer laser, a silicon wafer is rapidly heated in an 
extremely short time, a surface of the silicon wafer and the 
vicinity thereof are melted, Solidification progresses in a 
direction perpendicular to the surface of the silicon wafer and 
thus protrusions called ridges are formed on the Surface. 
Accordingly, there is a limit on the recovery of planarity of a 
Surface of the silicon wafer by pulsed laser processing such as 
an excimer laser. 
On the other hand, when a continuous wave laser (herein 

after, CW laser) having a wavelength in an ultraviolet region 
or a visible light region is delivered to silicon, a state in which 
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single crystal semiconductor layer is separated from the 
single crystal semiconductor substrate. FIG. 1 is a flow chart 
illustrating a manufacturing process of a semiconductor Sub 
strate according to the present invention, as an example. 

First, a protective film is formed over a single crystal semi 
conductor Substrate and the single crystal semiconductor Sub 
strate is irradiated with an ion beam through the protective 
film to form an embrittlement layer (ion-implantation layer) 
(St 1). Then, a bonding layer is formed over the single crystal 
semiconductor substrate or a base substrate (St 2), and the 
single crystal semiconductor Substrate and the base Substrate 
are bonded to each other (St 3). Then, the single crystal 
semiconductor Substrate is separated from the base Substrate 
by heat treatment, using the embrittlement layer as a cleavage 
plane (St 4) and thus a semiconductor Substrate is manufac 
tured (St 5). In addition, the single crystal semiconductor 
Substrate after the separation is Subjected to reprocessing 
treatment (St 6) and a single crystal semiconductor Substrate 
having improved planarity (also referred to a reprocessed 
substrate) is manufactured (St 7). 

Hereinafter, in this embodiment mode, an example of a 
method for manufacturing a semiconductor Substrate illus 
trated in FIG. 1 is described specifically with reference to 
FIGS. 2A to 2C, FIGS. 3A and 3B, and FIGS. 4A and 4B. 

First, a single crystal semiconductor substrate 100 is pre 
pared. As the single crystal semiconductor Substrate, a Sub 
strate formed of single crystal silicon, a single crystal gallium 
arsenide substrate, or the like can be used. Further, a semi 
conductor Substrate formed of polycrystals of silicon or ger 
manium-gallium arsenide or a substrate on which silicon, 
germanium-gallium arsenide, or the like is formed, can be 
used as necessary instead of the single crystal semiconductor 
Substrate. Note that in a case where a polycrystalline semi 
conductor Substrate is used, a cleavage polycrystalline semi 
conductor layer can be obtained after separation. In this 
embodiment mode, a silicon wafer having a thickness of 0.7 
mm is prepared as the single crystal semiconductor Substrate 
1OO. 

Next, after the surface of the single crystal semiconductor 
substrate 100 is washed to be cleaned, a protective film 102 is 
formed over the single crystal semiconductor substrate 100 
(FIG. 2A). The protective film 102 is not necessarily formed, 
but the protective film 102 is preferably formed because the 
protective film can prevent the single crystal semiconductor 
substrate 100 from being contaminated by an impurity such 
as metal and the Surface thereof from being damaged by 
impacts of irradiation ions in a later ion-introduction step. 

This protective film 102 can be formed by depositing a 
single layer or a multilayerofaninsulating material(s) such as 
silicon oxide, silicon nitride, silicon nitride oxide, and/or 
silicon oxynitride by a CVD method or the like. Alternatively, 
the protective film can be formed by thermal oxidation of the 
surface of the single crystal semiconductor substrate 100. 

Note that in this specification, an “oxynitride' is a sub 
stance that contains more oxygen than nitrogen, and a "nitride 
oxide is a Substance that contains more nitrogen than oxy 
gen. For example, a “silicon oxynitride film’ means a film 
that contains more oxygen than nitrogen and, in the case 
where measurements are performed using Rutherford back 
scattering spectrometry (RBS) and hydrogen forward scatter 
ing (HFS), includes oxygen, nitrogen, silicon, and hydrogen 
at composition ranging from 50 at.% to 70 at.%, 0.5at.% to 
15 at. 96, 25 at. 96 to 35 at. '%, and 0.1 at. 96 to 10 at. 96, 
respectively. Further, a “silicon nitride oxide film’ means a 
film that contains more nitrogen than oxygen and, in the case 
where measurements are performed using RBS and HFS, 
includes oxygen, nitrogen, silicon, and hydrogen at compo 
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6 
sition ranging from 5at.% to 30 at.%. 20 at.% to 55 at.%, 25 
at.% to 35 at.%, and 10 at.% to 30 at.%, respectively. Note 
that percentages of nitrogen, oxygen, silicon, and hydrogen 
fall within the ranges given above, where the total number of 
atoms contained in the silicon oxynitride film or the silicon 
nitride oxide film is defined as 100 at. 96. 

Next, the single crystal semiconductor substrate 100 is 
irradiated with an ion beam formed of ions accelerated by an 
electric field, through the protective film 102, and an 
embrittlement layer 104 is formed in a region at a predeter 
mined depth from the Surface of the single crystal semicon 
ductor substrate 100 (FIG. 2B). 
The depth of the region where the embrittlement layer 104 

is formed can be controlled by the accelerating energy of the 
ion beam and the incidence angle thereof. The embrittlement 
layer 104 is formed in a region at substantially the same depth 
as average depth to which ions enter. In addition, the thick 
ness of the thin film of the single crystal semiconductor layer 
separated from the single crystal semiconductor substrate 100 
is determined on the depth at which ions are introduced. The 
thickness of the single crystal semiconductor layer that is 
separated from the single crystal semiconductor substrate 100 
is greater than or equal to 5 nm and less than or equal to 500 
nm, and the preferable range of the thickness is greater than or 
equal to 10 nm and less than or equal to 200 nm. The accel 
erating Voltage of ions is adjusted by considering the depth at 
which ions are introduced. 
A hydrogen gas can be used for a source gas in the ion 

introduction step. Plural hydrogen ions having different mass 
numbers, i.e., H. H. and H are generated from a hydro 
gen gas (H gas). When a hydrogen gas is used for a source 
gas, the irradiation amount of His preferably the largest of 
all. When irradiation of H" ions is conducted, ion-introduc 
tion efficiency is more improved than the case where irradia 
tion of H' and H" is conducted, and the irradiation time can 
be shortened. In addition, a crack is easily formed in the 
embrittlement layer 104. 

Alternatively, as the source gas in the ion-introduction step, 
as well as a hydrogen gas, one or more kinds of gas selected 
from a rare gas Such as helium or argon, a halogen gas typified 
by a fluorine gas or a chlorine gas, or a halogen compound gas 
such as a fluorine compound gas (e.g., BF) can be used. 
When helium is used for a source gas, an ion beam with high 
proportion of He" ions can be formed without mass separa 
tion. 

Further, by performing the ion implantation step plural 
times, the embrittlement layer 104 can beformed. In this case, 
the same process gas may be used in allion-introduction steps 
or difference process gases may be used for each ion-intro 
duction step. For example, ion introduction is performed first 
using a rare gas as a source gas. Next, anion-introduction step 
is performed using a hydrogen gas as a process gas. Alterna 
tively, ion introduction can be performed using a halogen gas 
or a halide compound gas, and next ion introduction can be 
performed using a hydrogen gas. 

After the embrittlement layer 104 is formed, the protective 
film 102 is removed by etching. Then, a bonding layer 106 is 
formed over a Surface of the single crystal semiconductor 
substrate 100 in which the protective film 102 is formed (FIG. 
2C). The bonding layer 106 is a layer for forming a smooth 
and hydrophilic bonding plane on the single crystal semicon 
ductor substrate 100. Such a bonding layer 106 is preferably 
an insulating film formed by chemical reaction, and espe 
cially a silicon oxide film is preferable. The thickness of the 
silicon oxide film used for the bonding layer 106 can be from 
10 nm to 200 nm. The preferable thickness is from 10 nm to 
100 nm, and the more preferable thickness is from 20 nm to 50 
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nm. Without removal of the protective film 102, the bonding 
layer 106 can be formed on the protective film 102 as well. 
When the silicon oxide film of the bonding layer 106 is 

formed by a chemical vapor deposition (CVD) method, orga 
nosilane is preferably used as a silicon source gas. An oxygen 
(O2) gas can be used as an oxygen Source gas. As an orga 
nosilane gas, the following can be employed, such as ethyl 
silicate (tetraethoxysilane, TEOS, chemical formula: 
Si(OCH)), trimethylsilane (TMS: (CH)SiH), tetrameth 
ylsilane (TMS: Si (CH)), tetramethylcyclotetrasiloxane 
(TMCTS), octamethylcyclotetrasiloxane (OMCTS), hexam 
ethyldisilazane (HMDS), triethoxysilane (SiH(OCH)), or 
trisdimethylaminosilane (SiH(N(CH))). 

The silicon oxide film serving as the bonding layer 106 can 
beformed by a thermal CVD method using a low temperature 
oxide (LTO) which is formed at a heat temperature of from 
200° C. to 500°C. In this case, silane (SiH), disilane (SiH), 
or the like can be used as the silicon Source gas, and oxygen 
(O), dinitrogen monoxide (N2O), or the like can be used as 
the oxygen Source gas. 

Then, as illustrated in FIG.3A, a base substrate 108 having 
an insulating Surface and the single crystal semiconductor 
substrate 100 are attached to each other with the bonding 
layer 106 interposed therebetween. As the base substrate 108, 
a light-transmitting glass Substrate used for the products of 
electronics industry Such as a liquid crystal display device can 
be used. It is preferable to use a glass Substrate having a 
coefficient of thermal expansion of from 25x107° C. to 
50x107/ C. (preferably, from 30x107°C. to 40x107° C.) 
and a strain point of from 580°C. to 680°C. (preferably, from 
600° C. to 680°C.) in terms of heat resistance, cost, and the 
like. Further, a non-alkali glass substrate is preferable as the 
glass Substrate. As a material of the non-alkali glass Substrate, 
a glass material Such as aluminosilicate glass, aluminoboro 
silicate glass, or barium borosilicate glass is used, for 
example. 
As the base substrate 108, as well as the glass substrate, an 

insulating Substrate which is formed of an insulator, Such as a 
ceramic Substrate, a quartz. Substrate, or a Sapphire Substrate; 
a conductive Substrate which is formed of a conductor Such as 
metal or stainless Steel; a semiconductor Substrate which is 
formed of a semiconductor Such as silicon or gallium ars 
enide; or the like can be used. 

In addition, a single layer of insulating layer or a multiple 
layer of two or more insulating layers is/are formed over the 
cleaned base substrate 108. The thickness of single layer or 
the multiple layer is from 10 nm to 400 nm. This insulating 
layer may be attached to the bonding layer 106. In the case 
where the insulating layer is formed over the base substrate, 
as a film serving as the insulating layer, an insulating film 
containing silicon or germanium as its component such as a 
silicon oxide film, a silicon nitride film, a silicon oxynitride 
film, a silicon nitride oxide film, a germanium oxide film, a 
germanium nitride film, a germanium oxynitride film, or a 
germanium nitride oxide film can be used. Further, the fol 
lowing can also be used: an insulating film formed of a metal 
oxide Such as aluminum oxide, tantalum oxide, or hafnium 
oxide; an insulating film formed of a metal nitride Such as 
aluminum nitride; an insulating film formed of a metal oxyni 
tride such as an aluminum oxynitride film; and/or an insulat 
ing film formed of a metal nitride oxide Such as an aluminum 
nitride oxide film. 

In a case of using a substrate including an impurity which 
reduces reliability of a semiconductor device Such as an alkali 
metal or an alkaline earth metal as the base substrate 108, at 
least one layer of film which can prevent such an impurity 
from diffusing from the base substrate 108 into a semicon 
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8 
ductor layer of an SOI substrate is preferably provided. As 
Such a film, a silicon nitride film, a silicon nitride oxide film, 
an aluminum nitride film, an aluminum nitride oxide film or 
the like can be given. With the provision of such a film, the 
insulating layer can function as a barrier layer. 

For example, in the case of forming the insulating layer as 
a barrier layer with a single layer structure, a silicon nitride 
film, a silicon nitride oxide film, an aluminum nitride film, or 
an aluminum nitride oxide film having a thickness of from 10 
nm to 200 nm can beformed. In the case where the insulating 
layer serves as a barrier layer and has a two-layer structure, 
the following films having a two-layer structure can be given, 
for example: stacked films of a silicon nitride film and a 
silicon oxide film, stacked films of a silicon nitride film and a 
silicon oxynitride film, stacked films of a silicon nitride oxide 
film and a silicon oxide film, and stacked films of a silicon 
nitride oxide film and a silicon oxynitride film. Note that in 
each combination of the above-described films having a two 
layer structure, the film mentioned first is formed on the top 
surface of the base substrate 108. In the insulating layer 
having a two-layer structure, a film which relaxes stress is 
preferably selected as an upper layer so that internal stress of 
a lower layer having a high blocking effect does not influence 
a semiconductor layer. The thickness of the upper layer can be 
equal to or greater than 10 nm and equal to or less than 200 
nm, and the thickness of the lower layer can be equal to or 
greater than 10 nm and equal to or less than 200 nm. 

In the step of bonding the single crystal semiconductor 
substrate 100 and the base substrate 108, the surface to be 
bonded of the base substrate 108 and the surface of the bond 
ing layer 106 formed over the single crystal semiconductor 
substrate 100 are cleaned by ultrasonic cleaning. Then, by 
closely attaching the base substrate 108 and the bonding layer 
106, Vander Waals force acts on an interface between the base 
substrate 108 and the bonding layer 106 so that the base 
substrate 108 and the bonding layer 106 are bonded. When the 
base substrate 108 and the single crystal semiconductor sub 
strate 100 are brought into close contact, hydrogen bonds are 
formed between the base substrate 108 and the bonding layer 
106, so that the base substrate 108 and the bonding layer 106 
are bonded. When a silicon oxide film formed by a CVD 
method using organosilane is used for the bonding layer 106. 
the base substrate 108 and the single crystal semiconductor 
substrate 100 can be bonded at normal temperature without 
heating the base substrate 108 and the single crystal semicon 
ductor substrate 100. 

Note that the bonding layer arranged to attach the single 
crystal semiconductor substrate 100 and the base substrate 
108 may be provided on the base substrate 108 side, or may be 
provided on both sides of the base substrate 108 and the single 
crystal semiconductor substrate 100. 

In order to form a stronger bonding, for example, the Sur 
face of the base substrate 108 may be subjected to oxygen 
plasma treatment or OZone treatment, so that the Surface can 
be hydrophilic, or heat treatment or pressure treatment may 
be conducted after the base substrate 108 and the bonding 
layer 106 are brought into close contact. The temperature of 
the heat treatment can be from 400° C. to 600° C. The pres 
Sure treatment is performed so that force is applied in a 
direction perpendicular to the bonding interface, and the pres 
sure to be applied is determined in consideration of the 
strength of the base substrate 108 and the single crystal semi 
conductor substrate 100. 

Heat treatment is conducted to the single crystal semicon 
ductor substrate 100 which is bonded to the base substrate 108 
with the bonding layer 106 interposed therebetween so that 
the single crystal semiconductor substrate 100 can be sepa 
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rated by utilizing the embrittlement layer 104 as a cleavage 
plane. The heating temperature can be from 400° C. to 600° 
C. The heating temperature of the single crystal semiconduc 
tor substrate 100 is preferably equal to or higher than the 
temperature of the single crystal semiconductor Substrate 
100, when the bonding layer 106 is formed. 
By performing heat treatment in the temperature range of 

from 400° C. to 600° C., volume change is generated in the 
minute voids formed in the embrittlement layer 104 in the 
single crystal semiconductor Substrate 100, and a crack is 
generated in the embrittlement layer 104. As a result, a single 
crystal semiconductor substrate 100A is separated along the 
embrittlement layer 104 (FIG.3B). By this heat treatment, the 
thin film of single crystal semiconductor layer 110 separated 
from the single crystal semiconductor substrate 100 is fixed 
over the base substrate 108. In addition, the bonding interface 
between the base substrate 108 and the bonding layer 106 is 
heated by this heat treatment, and covalent bonding with 
higher bonding force than the hydrogen bonding is formed at 
the bonding interface; therefore, the bonding force in the 
bonding interface can be increased. 

Through the above steps, a semiconductor substrate 112 in 
which the thin film of single crystal semiconductor layer 110 
is formed over the base substrate 108 is manufactured. On the 
other hand, the single crystal semiconductor substrate 100A 
after the separation is thinned by a thickness of the single 
crystal semiconductor layer 110 separated therefrom and pla 
narity of the surface which has been subjected to the separa 
tion is damaged severely and becomes uneven. Therefore, it is 
not preferable that hydrogen ions are introduced into the 
single crystal semiconductor substrate 100A after the sepa 
ration, which is not subjected to planarization process, and a 
thin film of single crystal silicon layer is formed over a glass 
Substrate using an embrittlement layer as a cleavage plane. 

For the reason, reprocessing treatment for the Surface of the 
single crystal semiconductor substrate 100A after the sepa 
ration is conducted to reuse the single crystal semiconductor 
substrate 100A after the separation. FIGS. 4A and 4B are 
cross-sectional views illustrating reprocessing treatment of 
the single crystal semiconductor substrate 100A. As illus 
trated in FIG. 4A, the separation surface side of the single 
crystal semiconductor substrate 100A is irradiated with laser 
light to melt the single crystal semiconductor substrate 100A. 
The single crystal semiconductor substrate 100A is melted by 
laser irradiation and cooled and solidified, and thus crystals 
are grown in a direction lateral to the thickness direction of 
the single crystal semiconductor substrate 100A, so that a 
reprocessed substrate 100B whose surface unevenness is 
reduced so that the surface can be planarized can be obtained 
(FIG. 4B). In addition, by the laser irradiation, planarity is 
improved and crystal defects generated in manufacturing a 
semiconductor Substrate are reduced and thus the reprocessed 
substrate 100B having improved crystallinity can be 
obtained. Note that the laser irradiation can be conducted in 
an air atmosphere. 

In the above reprocessing treatment, as the laser light used 
for the laser irradiation, a CW laser or a pulsed layer having a 
repetition rate of 10 MHz or more (hereinafter, pseudo CW 
laser) having a wavelength whose penetration length of light 
to the single crystal semiconductor Substrate is the same as or 
Substantially the same as the thickness of the single crystal 
semiconductor Substrate is used. Continuous irradiation with 
laser light having Such a wavelength allows the whole single 
crystal semiconductor substrate to be heated in the thickness 
direction for a long time, and to be melted for a longer time 
than a case where a pulsed laser or a CW layer having a 
penetration length of light shorter than the thickness of the 
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single crystal semiconductor Substrate is used. In the present 
invention, by controlling the wavelength and irradiation time 
of laser light used for irradiation of the single crystal semi 
conductor Substrate, the melting time of the single crystal 
semiconductor substrate can be set from 0.5 microseconds to 
1 millisecond. 
By setting the melting time within the above range, after 

the Surface of the single crystal semiconductor Substrate is 
melted by laser irradiation, solidification in a direction per 
pendicular to the plane direction of the single crystal semi 
conductor Substrate is prevented, and thus crystals can be 
grown in a direction parallel to the plane direction, i.e., a 
lateral direction. Note that the melting time of the single 
crystal semiconductor Substrate means a time of from a point 
at which at least the Surface of the single crystal semiconduc 
tor substrate and the vicinity thereof begin to melt to a point 
at which they are solidified completely. 

In this specification, the phrase “the wavelength having a 
penetration length of light which is the same as or Substan 
tially the same as the thickness of the single crystal semicon 
ductor substrate is a wavelength to meet the following 
expression (1): 

wherein a wavelength of laser light is w, a thickness of the 
single crystal semiconductor Substrate irradiated with laser 
light is d, a quenching coefficient of the single crystal semi 
conductor Substrate is k, and a penetration length of laser light 
is Ö. 
The output of laser light can be selected as appropriate in 

the range in which the single crystal semiconductor Substrate 
can be heated to a melting point or higher to melt the surface 
of the single crystal semiconductor Substrate. For example, 
when the beam size in an irradiation plane is p1 mm, the 
output of laser light can be from 200 W to 600 W. In addition, 
the scan speed of laser light can also be selected as appropri 
ate in the range in which the single crystal semiconductor 
Substrate can be heated to a melting point or higher to melt the 
Surface of the single crystal semiconductor Substrate, similar 
to the output of laser light. 

In this embodiment mode, a silicon wafer is used as the 
single crystal semiconductor substrate 100A which is sub 
jected to the reprocessing treatment. FIG. 5 shows a relation 
between a penetration length and a wavelength of light of 
single crystal silicon which is used as a material of the single 
crystal semiconductor Substrate in this embodiment mode. In 
FIG. 5, the horizontal axis denotes a wavelength (nm) and the 
Vertical axis denotes a penetration length (Lm) of light. As 
shown in FIG. 5, the penetration length of light with respect to 
silicon has a strong dependency on a wavelength. 

In this embodiment mode, the thickness of the silicon 
wafer is about 0.7 mm and thus a continuous wave YAG laser 
which has a penetration length of light to silicon of about 0.84 
mm and can oscillate a wavelength of 1064 nm is selected. 
When the penetration length of light to silicon is about 0.84 
mm, the above expression (1) is met, and thus laser light 
having a wavelength of 1064 nm can heat the whole silicon 
wafer having a thickness of 0.7 mm in the thickness direction 
and melt the surface of the silicon wafer. Thus, laser light 
emitted from a multimode output YAG laser is processed into 
(p1 mm in an irradiation plane, and then the separation Surface 
of the silicon wafer is irradiated to be scanned with laser light. 
In addition, the output power of laser light is e.g., 450 W and 
the scan speed is e.g., from 1 cm/sec to 100 cm/sec. 
The irradiation time of laser light per region (per unit area) 

can be obtained from a beam diameter and a scan speed. In 
this embodiment mode, the beam diameter is (p1 mm, and the 
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tion decoder 203, an interrupt controller 204, a timing con 
troller 205, a register 206, a register controller 207, a bus 
interface (Bus I/F) 208, a read-only memory (ROM) 209, and 
a ROM interface (ROM I/F) 210. 
An instruction input to the microprocessor 200 through the 

bus interface 208 is input to the instruction decoder 203, 
decoded therein, and then input to the ALU controller 202, the 
interrupt controller 204, the register controller 207, and the 
timing controller 205. The ALU controller 202, the interrupt 
controller 204, the register controller 207, and the timing 
controller 205 conduct various controls based on the decoded 
instruction. 

Specifically, the ALU controller 202 generates signals for 
controlling the operation of the ALU 201. While the micro 
processor 200 is executing a program, the interrupt controller 
204 processes an interrupt request from an external input/ 
output device or a peripheral circuit based on its priority or a 
mask state. The register controller 207 generates an address of 
the register 206, and reads and writes data from and to the 
register 206 in accordance with the state of the microproces 
sor 200. The timing controller 205 generates signals for con 
trolling timing of operation of the ALU 201, the ALU con 
troller 202, the instruction decoder 203, the interrupt 
controller 204, and the register controller 207. 

For example, the timing controller 205 is provided with an 
internal clock generator for generating an internal clock sig 
nal CLK2 based on a reference clock signal CLK1, and Sup 
plies the clock signal CLK2 to the various above-mentioned 
circuits. Obviously, the microprocessor 200 shown in FIG. 8 
is merely an example in which the configuration is simplified, 
and an actual microprocessor may have a wide variety of 
configurations depending on the use application. 
The above-described microprocessor 200 can achieve not 

only an increase in processing speed but also a reduction in 
power consumption because an integrated circuit is formed 
using a single crystal semiconductor layer (SOI layer) with 
uniform crystal orientation which is bonded to a substrate 
having an insulating Surface or an insulating Substrate. 

Next, an example of a semiconductor device provided with 
a function of transmitting and receiving data wirelessly and 
an arithmetic function is described. FIG. 9 is a block diagram 
illustrating a structural example of Such a semiconductor 
device. A semiconductor device illustrated in FIG.9 can be a 
computer that operates to transmit and receive signals to and 
from an external device by wireless communication (herein 
after, referred to as an RFCPU). 
As illustrated in FIG. 9, an RFCPU 211 has an analog 

circuit portion 212 and a digital circuit portion 213. The 
analog circuit portion 212 has a resonance circuit 214 with a 
resonance capacitor, a rectifier circuit 215, a constant Voltage 
circuit 216, a reset circuit 217, an oscillator circuit 218, a 
demodulator circuit 219, a modulator circuit 220, and a power 
management circuit 230. The digital circuit portion 213 has 
an RF interface 221, a control register 222, a clock controller 
223, a CPU interface 224, a central processing unit (CPU) 
225, a random-access memory 226, and a read-only memory 
227. 

The operation of the RFCPU211 is roughly as follows. The 
resonance circuit 214 generates an induced electromotive 
force based on a signal received by an antenna 228. The 
induced electromotive force is stored in a capacitor portion 
229 through the rectifier circuit 215. This capacitor portion 
229 is preferably formed using a capacitor Such as a ceramic 
capacitor or an electric double layer capacitor. The capacitor 
portion 229 does not need to be integrated with the RFCPU 
211 and the capacitor portion 229 can be mounted as a dif 
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ferent component on a Substrate having an insulating Surface 
which is included in the RFCPU 211. 
The reset circuit 217 generates a signal for resetting and 

initializing the digital circuit portion 213. For example, the 
reset circuit 217 generates a signal which rises after rise in the 
power Supply Voltage with delay, as a reset signal. The oscil 
lator circuit 218 changes the frequency and duty ratio of a 
clock signal in response to a control signal generated by the 
constant voltage circuit 216. The demodulator circuit 219 
demodulates a received signal, and the modulator circuit 220 
modulates data to be transmitted. 

For example, the demodulator circuit 219 is formed using 
a low-pass filter and binarizes an amplitude-modulated 
(ASK) received signal based on variation of amplitude. Since 
the modulator circuit 220 varies the amplitude of an ampli 
tude-modulated (ASK) transmission signal and transmits the 
data, the modulator circuit 220 changes the amplitude of a 
communication signal by changing a resonance point of the 
resonance circuit 214. 
The clock controller 223 generates a control signal for 

changing the frequency and duty ratio of a clock signal in 
accordance with the power Supply Voltage or a consumption 
current of the central processing unit 225. The power supply 
Voltage is managed by the power management circuit 230. 
A signal input from the antenna 228 to the RFCPU 211 is 

demodulated by the demodulator circuit 219 and then decom 
posed into a control command, data, and the like by the RF 
interface 221. The control command is stored in the control 
register 222. The control command includes reading of data 
stored in the read-only memory 227, writing of data to the 
random-access memory 226, an arithmetic instruction to the 
central processing unit 225, and the like. 
The central processing unit 225 accesses the read-only 

memory 227, the random-access memory 226, and the con 
trol register 222 via the CPU interface 224. The CPU interface 
224 has a function of generating an access signal for any of the 
read-only memory 227, the random-access memory 226, and 
the control register 222 based on an address which the central 
processing unit 225 requests. 
As an arithmetic method of the central processing unit 225. 

a method may be employed in which the read-only memory 
227 stores an operating system (OS) and a program is read 
and executed at the time of starting operation. Alternatively, a 
method may be employed in which a dedicated arithmetic 
circuit is provided and arithmetic processing is conducted 
using hardware. In a method in which both hardware and 
Software are used, a part of processing is conducted by a 
dedicated arithmetic circuit and the other part of the arith 
metic processing is conducted by the central processing unit 
225 using a program. 
The above-described RFCPU 211 can achieve not only an 

increase in processing speed but also a reduction in power 
consumption because an integrated circuit is formed using a 
semiconductor layer with uniform crystal orientation which 
is bonded to a Substrate having an insulating Surface or an 
insulating Substrate. This makes it possible to ensure a long 
time operation even when the capacitor portion 229 which 
Supplies power is downsized. 

Example 1 

In Example 1, a single crystal semiconductor Substrate 
obtained by fixing a semiconductor layer over a base substrate 
and separating it from the base Substrate, and a reprocessed 
Substrate obtained by reprocessing the single crystal semi 
conductor Substrate by a reprocess method of a single crystal 
semiconductor Substrate according to the present invention 
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were formed. Then, planarity and crystallinity of the single 
crystal semiconductor Substrate and the reprocessed substrate 
were compared. Note that a silicon wafer was used as the 
single crystal semiconductor Substrate in this example. 

In this example, Samples were manufactured by the process 5 
described below. First, a silicon wafer having a thickness of 
0.7 mm was irradiated with hydrogen ions to form an 
embrittlement layer, and then a silicon oxide film having a 
thickness of 50 nm was formed as a bonding layer. Then, the 
silicon wafer was attached to a glass Substrate serving as a 10 
base substrate with the bonding layer interposed therebe 
tween, and over the glass Substrate, a silicon oxynitride film 
having a thickness of 50 nm and a silicon nitride oxide film 
having a thickness of 100 nm were formed as a base insulating 
film. Next, the silicon wafer was heated, so that a single 15 
crystal silicon layer having a thickness of 180 nm separated 
from the silicon wafer was fixed over the glass substrate and 
the silicon wafer was separated with the embrittlement layer 
as a cleavage plane. 

FIG. 10 shows a result of planarity of a separation surface 20 
of a silicon wafer from which a single crystal semiconductor 
layer has been separated, which is measured by a DFM 
method. As a result of this measurement, in the silicon wafer 
after the separation, it can be seen that Ra (average roughness) 
is about 10 nm, and planarity of the Surface was greatly lost. 25 

Further, the crystallinity of the separation surface of the 
silicon wafer was measured by an electron back scatter dif 
fraction pattern (EBSP) method, and FIGS. 11A and 11B 
shows the measurement result. In this measurement, the mea 
surement range was 100 umx100 um. FIG. 11A shows dis- 30 
tribution of crystal orientations perpendicular to the surface 
of the silicon wafer, and black dots represent crystal defects. 
In addition, FIG. 11B shows plane orientation of FIG. 11A. 
As seen in FIGS. 11A and 11B, crystal orientations of the 
silicon wafer after the separation are aligned substantially in 35 
one direction and can be regarded as a single crystal, but many 
crystal defects can be observed. As described above, the sur 
face of the silicon wafer after the separation has bad planarity 
on its Surface and many crystal defects. 

FIG. 12 shows a measurement result of planarity of a 40 
separation surface of the silicon wafer which has been irra 
diated with laser light, which was obtained by a dynamic 
force microscope (DFM) method. In this example, laser light 
emitted from a multimode output type YAG laser having a 
wavelength of 1064 nm was processed into (p1 mm in an 45 
irradiation Surface by an optical system, and a separation 
surface of the silicon wafer was scanned with laser light. In 
addition, the output of the laser light was 450 W and the scan 
speed was 35 cm/sec. At this time, the irradiation time per 
region of the silicon wafer was about 3 milliseconds and thus 50 
the melting time was 0.3 milliseconds. 
As seen in the measurement result shown in FIG. 12, Ra 

(average roughness) of the silicon wafer irradiated with laser 
light was about 1.4 nm and planarity of the Surface was 
improved more than the silicon wafer which was not irradi- 55 
ated with laser light (the one before the laser irradiation). 

Further, the crystallinity of the surface of the silicon wafer 
after the laser irradiation was measured by an electron backs 
scatter diffraction pattern (EBSP) method, and FIG. 13A 
shows the measurement result. In this measurement, the mea- 60 
surement range was 100 umx100 um. FIG. 13B shows plane 
orientation of FIG. 13A. From the EBSP measurement result 
shown in FIGS. 13A and 13B, it can be said that the single 
crystal silicon has much fewer crystal defects than the one 
before the laser irradiation. 65 

FIG. 14 shows a measurement result of a laser-irradiated 
portion of the silicon wafer after the reprocessing treatment, 

18 
which was obtained by a Raman spectroscopy method. The 
Raman spectroscopy method is an effective method for evalu 
ating crystallinity of a Substance, and is used to quantify 
crystallinity of the semiconductor film formed by laser irra 
diation. In general, information or the like on crystallinity or 
size of crystal grains can be obtained from the peak position 
of the Raman line. 

In FIG. 14, the horizontal axis represents a wavelength 
(cm) and the vertical axis represents intensity of Raman 
scattered light (hereinafter, Raman intensity). In addition, the 
spectrum represented by a Solid line is a spectrum of the 
silicon wafer irradiated with laser light after the separation 
and the spectrum represented by a dotted line is a spectrum of 
the silicon wafer before the separation. From this graph, it can 
be seen that the peak of the Raman intensity of the silicon 
wafer irradiated with laser light is close to the peak of the 
Raman intensity of the silicon wafer before the separation. 
Therefore, it can be said that the silicon wafer which has been 
irradiated with laser light (after the laser irradiation) has 
Substantially the same characteristics as the silicon wafer 
before the separation. 
As described above, as for the surface state of the silicon 

wafer from which a thin film of single crystal semiconductor 
layer is separated by using the embrittlement layer into which 
hydrogen ions have been introduced, as a cleavage plane, the 
planarity and crystallinity of the surface can be recovered by 
irradiation with CW laser light having a wavelength whose 
penetration length to silicon which is the same as or Substan 
tially the same as the thickness of the silicon wafer and by a 
long-time melting of the surface and the vicinity thereof. The 
entire surface of the silicon wafer is irradiated with laser light 
to recover the planarity and crystallinity, and thus it is pos 
sible that a thin film of single crystal silicon layer can be 
formed again over a glass Substrate by utilizing an embrittle 
ment layer formed by introduction of hydrogen ions as a 
cleavage plane. 

This application is based on Japanese Patent Application 
serial no. 2007-260579 filed with Japan Patent Office on Oct. 
4, 2007, the entire contents of which are hereby incorporated 
by reference. 
What is claimed is: 
1. A method for manufacturing a semiconductor Substrate 

comprising: 
producing ion species by exciting a source gas including 

one or plural gases selected from a hydrogen gas, a rare 
gas, a halogen gas, or a halide compound gas and intro 
ducing the ion species into a first single crystal semicon 
ductor substrate to form an embrittlement layer; 

forming a bonding layer over the first single crystal semi 
conductor Substrate; 

bonding the first single crystal semiconductor Substrate 
and a base Substrate with the bonding layer interposed 
therebetween so that the first single crystal semiconduc 
tor substrate and the base substrate are attached to each 
other; 

separating the first single crystal semiconductor Substrate 
by using the embrittlement layer as a cleavage plane by 
heating the first single crystal semiconductor Substrate 
So that a single crystal semiconductor layer separated 
from the first single crystal semiconductor Substrate is 
fixed over the base substrate; and 

reprocessing a second single crystal semiconductor Sub 
strate from which the single crystal semiconductor layer 
has been separated, 

wherein the step of reprocessing is conducted in Such a 
manner that the second single crystal semiconductor 
substrate is irradiated with a laser light from a surface 
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side of the second single crystal semiconductor Substrate 
from which the single crystal semiconductor layer has 
been separated, to melt the second single crystal semi 
conductor Substrate, and 

wherein a melting time per area is from 0.5 microseconds 
to 1 millisecond. 

2. The method according to claim 1, wherein the second 
single crystal semiconductor Substrate which is reprocessed 
has crystals grown in a direction parallel to a plane direction. 

3. The method according to claim 1, wherein the laser light 
is a continuous wave laser light or a pulsed laser light having 
a repetition rate of 10 MHz or more. 

4. The method according to claim 1, further comprising the 
steps of: 

forming a protective film over the first single crystal semi 
conductor Substrate; and 

irradiating the first single crystal semiconductor Substrate 
with the ion species through the protective film. 

5. The method according to claim 4, wherein the protective 
film is a single layer or a multilayer with two or more layers 
including at least one of a silicon nitride film and a silicon 
nitride oxide film. 

6. The method according to claim 1, wherein the bonding 
layer is a silicon oxide film formed by a chemical vapor 
deposition method using an organosilane gas as a silicon 
Source gas. 

7. The method according to claim 6, wherein the organosi 
lane gas is a gas selected from the group consisting of ethyl 
silicate, trimethylsilane, tetramethylsilane, tetramethylcy 
clotetrasiloxane, octamethylcyclotetrasiloxane, hexamethyl 
disilaZane, triethoxysilane, and trisdimethylaminosilane. 

8. The method for manufacturing a semiconductor sub 
strate according to claim 1, wherein the semiconductor Sub 
strate is manufactured by reusing the second single crystal 
semiconductor Substrate which is reprocessed. 

9. A method for manufacturing a semiconductor device 
using the semiconductor substrate formed by the method 
according to claim 1, comprising the step of forming a semi 
conductor element including the single crystal semiconduc 
tor layer over the base substrate. 

10. A method for manufacturing a semiconductor Substrate 
comprising: 

producing ion species by exciting a source gas including 
one or plural gases selected from a hydrogen gas, a rare 
gas, a halogen gas, or a halide compound gas and intro 
ducing the ion species to a first single crystal semicon 
ductor substrate to form an embrittlement layer; 

forming a bonding layer over the first single crystal semi 
conductor Substrate; 

bonding the first single crystal semiconductor Substrate 
and a base Substrate with the bonding layer interposed 
therebetween so that the first single crystal semiconduc 
tor substrate and the base substrate are attached to each 
other; 

separating the first single crystal semiconductor Substrate 
by using the embrittlement layer as a cleavage plane by 
heating the first single crystal semiconductor Substrate 
So that a single crystal semiconductor layer separated 
from the first single crystal semiconductor Substrate is 
fixed over the base substrate; and 

reprocessing a second single crystal semiconductor Sub 
strate from which the single crystal semiconductor layer 
has been separated, 

wherein the step of reprocessing is conducted in Such a 
manner that the second single crystal semiconductor 
substrate is irradiated with a laser light from a surface 
side of the second single crystal semiconductor Substrate 
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from which the single crystal semiconductor layer has 
been separated, to melt the second single crystal semi 
conductor Substrate, 

wherein a melting time per area is from 0.5 microseconds 
to 1 millisecond, and 

wherein a penetration length 6 of the laser light meets an 
expression 0.8 disós 1.5 d (8–W/47tk) wherein a wave 
length of the laser light is W., a thickness of the second 
single crystal semiconductor Substrate irradiated with 
the laser light is d, a quenching coefficient of the second 
single crystal semiconductor Substrate is k, and a pen 
etration length of the laser light is 6. 

11. The method according to claim 10, wherein the second 
single crystal semiconductor Substrate which is reprocessed 
has crystals grown in a direction parallel to a plane direction. 

12. The method according to claim 10, wherein the laser 
light is a continuous wave laser light or a pulsed laser light 
having a repetition rate of 10 MHz or more. 

13. The method according to claim 10, further comprising 
the steps of: 

forming a protective film over the first single crystal semi 
conductor Substrate; and 

irradiating the first single crystal semiconductor Substrate 
with the ion species through the protective film. 

14. The method according to claim 13, wherein the protec 
tive film is a single layer or a multilayer with two or more 
layers including at least one of a silicon nitride film and a 
silicon nitride oxide film. 

15. The method according to claim 10, wherein the bond 
ing layer is a silicon oxide film formed by a chemical vapor 
deposition method using an organosilane gas as a silicon 
Source gas. 

16. The method according to claim 15, wherein the orga 
nosilane gas is a gas selected from the group consisting of 
ethyl silicate, trimethylsilane, tetramethylsilane, tetramethyl 
cyclotetrasiloxane, octamethylcyclotetrasiloxane, hexameth 
yldisilaZane, triethoxysilane, and trisdimethylaminosilane. 

17. The method for manufacturing a semiconductor sub 
strate according to claim 10, wherein the semiconductor Sub 
strate is manufactured by reusing the second single crystal 
semiconductor Substrate which is reprocessed. 

18. A method for manufacturing a semiconductor device 
using the semiconductor substrate formed by the method 
according to claim 10, comprising the step of forming a 
semiconductor element including the single crystal semicon 
ductor layer over the base substrate. 

19. A method for manufacturing a semiconductor substrate 
comprising: 

forming a bonding layer over a first single crystal semicon 
ductor substrate; 

bonding the first single crystal semiconductor Substrate 
and a base Substrate with the bonding layer interposed 
therebetween so that the first single crystal semiconduc 
tor substrate and the base substrate are attached to each 
other; 

separating the first single crystal semiconductor Substrate 
by heating the first single crystal semiconductor Sub 
strate so that a single crystal semiconductor layer is 
separated from the first single crystal semiconductor 
Substrate and fixed over the base substrate; and 

reprocessing a second single crystal semiconductor Sub 
strate from which the single crystal semiconductor layer 
has been separated, 

wherein the step of reprocessing is conducted in Such a 
manner that the second single crystal semiconductor 
substrate is irradiated with a laser light from a surface 
side of the second single crystal semiconductor Substrate 
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from which the single crystal semiconductor layer has 
been separated, to melt the second single crystal semi 
conductor Substrate, and 

wherein a melting time per area is from 0.5 microseconds 
to 1 millisecond. 

20. The method according to claim 19, wherein the second 
single crystal semiconductor Substrate which is reprocessed 
has crystals grown in a direction parallel to a plane direction. 

21. The method according to claim 19, wherein the laser 
light is a continuous wave laser light or a pulsed laser light 
having a repetition rate of 10 MHz or more. 

22. The method according to claim 19, wherein the bond 
ing layer is a silicon oxide film formed by a chemical vapor 
deposition method using an organosilane gas as a silicon 
Source gas. 
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23. The method according to claim 22, wherein the orga 

nosilane gas is a gas selected from the group consisting of 
ethyl silicate, trimethylsilane, tetramethylsilane, tetramethyl 
cyclotetrasiloxane, octamethylcyclotetrasiloxane, hexameth 
yldisilaZane, triethoxysilane, and trisdimethylaminosilane. 

24. The method for manufacturing a semiconductor Sub 
strate according to claim 19, wherein the semiconductor sub 
strate is manufactured by reusing the second single crystal 
semiconductor Substrate which is reprocessed. 

25. A method for manufacturing a semiconductor device 
using the semiconductor substrate formed by the method 
according to claim 19, comprising the step of forming a 
semiconductor element including the single crystal semicon 
ductor layer over the base substrate. 

k k k k k 


